An approach to the study of protein receptor sites in protein mixtures or supramolecular assemblies by using fluorescence spectroscopy is described. This approach, fluorescent photoaffinity labeling, combines the merits of photoaffinity labeling to attain site-directed reactivity with the probing power of fluorescent ligands. A fluorescent photoaffinity label for cyclic AMP receptor sites of cyclic AMP-dependent protein kinases was synthesized in both unlabeled and radioactive forms. The probe, 8-azido-1,N6-ethenoadenosine 3,5S'-cyclic monophosphate, mimics cyclic AMP in its ability to stimulate the phosphotransferase activity of the protein kinases and strongly competes with cyclic AMP for its binding sites in all preparations so far tested. Photolysis, after equilibration of protein kinase and 8-azido-i,N6-ethenoadenosine 3',5'-cyclic monophosphate in the dark, effects binding of the intermediate nitrene irreversibly and specifically to the cyclic AMP sites with the development of fluorescence. Excess reagent and low molecular weight photolytic products are removable by dialysis. Studies of a crude beef heart preparation containing cyclic AMP-dependent protein kinase suggest that the cyclic AMP binding sites are hydrophobic in nature and strongly immobilize the adenine moiety of the cyclic nucleotide.
Fluorescence spectroscopy is among the most sensitive, versatile, and potentially informative methods available for studying the conformation and dynamics of macromolecules. Although much information relating to the structure and function of proteins has been obtained from the fluorescence of intrinsic fluorophores, notably tryptophan (1, 2), some inherent difficulties and limitations of this approach are apparent. Among these are the necessity of obtaining a pure, native protein and the difficulty of relating the observed spectral data to a particular site within that protein. In many cases, an "extrinsic" fluorophore can be introduced into a protein either by covalent coupling or by reversible interaction (1, 2) . The use of such extrinsic fluorophores, although frequently advantageous in terms of sensitivity, often does not overcome the basic drawbacks of lack of specificity and lack of knowledge as to the precise location of the fluorescent probe.
The approach introduced in this communication, fluorescent photoaffinity labeling (FPAL) , is designed to circumvent these obstacles. It combines the labeling achieved by site-specific photoaffinity analogs with the probing power of fluorescence techniques. Several recent publications have shown 8- azidoadenosine derivatives to be useful photoaffinity reagents for the nucleotide binding site of their biological receptors (3) (4) (5) (6) (7) . The synthesis and utilization of a fluorescent photoaffinity label (FPAL), 8-azido-1,N6-ethenoadenosine 3',5'-cyclic monophosphate , as a probe for cyclic AMP (cAMP) The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked 'advertisement" in accordance with 18 (8) (9) (10) with the fluorescence of a substituted 1,N6-ethenoadenosine unit (11, 12) to yield a highly specific photoaffinity label that, upon photolysis, becomes covalently attached as an environment-sensitive fluorophore.
MATERIALS AND METHODS
Thin-Layer Chromatography (TLC). Solvent systems used were: A, n-butanol/acetic acid/H20, 5 [G-3H] cAMP by the same procedure described for the nonradioactive sample, except that added adenosine was used to monitor the bromination step and a larger excess of TEA azide was used. The identity of the 2-3H-labeled product, with approximately one-half the specific radioactivity of the original [3H]cAMP, was established by TLC (cellulose, solvents A and B) and by column chromatography, as described above, with detection of the compound by radioactivity. Additional precautions should be taken with 8-N3-[3H]EcAMP due to possible radiolytic processes (13) .
cAMP-Dependent Protein Kinase. Preparations from beef heart, rabbit muscle DEAE-cellulose peak I, and rabbit muscle DEAE-cellulose peak II were from Sigma Chemical Company. The reversible binding of cAMP or 8-N3-EcAMP to the protein kinase was assayed in the dark according to a modification of the method of Gilman (14) .
Stimulation of protein kinase activity was determined in the dark by measuring the amount of 32P transferred from ["y-32P]ATP to protamine by a modification of the procedure of Rubin et al. (15) . Additional details are described in the legends to the figures. Radioactive reagents were from New England Nuclear.
Photolysis. This was performed with a 15-W fluorescent "254-nm" lamp (Westinghouse G15T8 germicidal) or a "350-nm" lamp (General Electric F15T8-BLB) placed at a distance of 5 cm from the samples. Samples were photolyzed in multiple-well microtiter plates immersed in an ice-water bath. In the standard procedure, each well contained up to 1 mg of total protein in a final buffer volume of 200 ,ul and varying concentrations of 8-N3-ecAMP and of cAMP. The protein was the last component to be added. Subsequently, the contents of the well were gently mixed and equilibrated by incubation in the dark for 60 min. The entire plate was then irradiated for 10 min.
Fluorescence Measurements. Photolyzed samples were transferred to a multiple-chamber dialysis manifold and exhaustively dialyzed against the desired buffer at 40. A known amount of [3H]cAMP was added routinely to samples after photolysis and prior to dialysis, and 3H counts were monitored in the dialysate as an additional indicator to ensure complete removal of noncovalently bound cyclic nucleotide derivatives. Samples were then transferred to small-volume quartz cuvettes for fluorescence studies. Fluorescence measurements were Elmer MPF-2A spectrofluorimeter operated in the ratio mode.
Steady-state fluorescence polarization measurements were performed under the same conditions using wavelengths of 320 and 400 nm for excitation and emission, respectively, and the "difference polarization" (PD) of the bound fluorophore was calculated as described in the legend to Table 2 . All fluorescence measurements were performed on samples of identical (or within 5% and normalized to identical) protein concentrations. Protein concentrations were determined according to Lowry et al. (16) with bovine serum albumin as a standard and by protein fluorescence using wavelengths of 280 and 340 nm for excitation and emission, respectively.
RESULTS
The synthetic procedure for 8-azido-LN6-ethenoadenine derivatives, exemplified here with the synthesis of 8-N3-ecAMP, is simple, reproducible, and applicable to radiolabeled 8-N3-ecAMP as well as to mono-, di-, and triphosphate adenosine derivatives. Bromination of cAMP, using a bromine/cAMP molar proportion of <3:1 (4) , and cyclization with chloroacetaldehyde were reduced to a "one-pot" reaction, because both steps proceed optimally at pH 4.0-4.5 (17, 18) . We found it useful to introduce adenosine as a separable monitor for the bromination of tritiated cAMP, because the reactivities of adenosine and cAMP toward electrophilic substitution at C-8 are similar. Comparable reactivities toward chloroacetaldehyde were also observed in the cyclization step. TEA azide was used in the final nucleophilic displacement at C-8 of 8-bromo-EcAMP in dimethylformamide to produce the 8-N3-EcAMP product, either unlabeled or tritiated.
While the experiments with cAMP-binding protein were in progress, a communication by Keeler and Campbell (19) describing the synthesis of 8-N3-ecAMP was published in which 8-N3-EcAMP was described as an "intensely fluorescent"
compound. Carefully prepared 8-N3-ecAMP (fully protected from light) is actually nonfluorescent. The lack of fluorescence is probably due to quenching of the 1,N6-ethenoadenine fluorescence (20, 21) by the long-wavelength n --7r* transition of the azido group (22, 23) . Fluorescence develops only after photolysis, probably due to the formation of a substituted 8-amino-EcAMP derivative. This finding enables direct kinetic study and constant monitoring of the photolytic conversion of the azide to an amine by following the appearance of fluorescence. 8-Azido ethenoadenosine derivatives and, possibly, also other azido-quenched fluorophores may thus be interesting and useful tools for study of the kinetics and mechanisms of photolytic reactions. An additional advantage of 8-N3-e-adenosine nucleotides over analogs lacking the 1,N6-etheno bridge (4-7, 24, 25) is that photolysis can be effected at long wavelengths (300-350 nm), where protein photodamage is minimized (9) . Unlike the unlabeled analog, the radioactive compound, stored in 50% ethanol at 40, was found to be unstable, yielding a single radioactive impurity according to two TLC systems and ion exchange chromatography. The impurity is nonactive photolytically, and its identity is currently unknown. Fig. 1 (Fig. 1 right) suggests that a single type of binding site for the cyclic nucleotides exists in Proc. Nati. Acad. Sci. USA 75 (1978) performed at room temperature (22') on an Hitachi-Perkin- (27) . Using The results of the difference fluorescence polarization measurements (PD) are presented in Table 2 . They indicate that: (i) samples B and C behave identically, in agreement with the fluorescence emission data, thereby confirming that cAMP protects the site from binding by the analog and that, with the specified low concentration of 8-N3-ecAMP, no nonspecific fluorescent labeling could be detected; and (ii) the fluorescence of the nucleotide specifically bound at the cAMP binding site is strongly polarized. A likely interpretation of such PD values is that the cAMP receptor site in the beef heart protein kinase preparation strongly immobilizes the adenine moiety of the cyclic nucleotide.
Polyacrylamide gel electrophoresis of this protein kinase preparation on a 10% sodium dodecyl sulfate/polyacrylamide gel, according to Laemmli (28) in which VS and VB are the intensities of the vertically polarized component of emission from the sample and the blank, respectively, and Hs and HB are the intensities of the horizontally polarized component of emission from the sample and the blank, respectively. The exciting light for V and H measurements was vertically polarized. The monochromator correction factor, t, was calculated from the ratio of vertically and horizontally polarized components of emission, exciting with horizontally polarized light. This correction factor was unity, within experimental error, for the wavelengths used. * Samples are as described in Table 1. systems, intrinsic fluorophores, are usually of limited usefulness. Their frequent multiplicity, (e.g., of fluorescent amino acid residues) results in composite signals, and their precise locations within the system are difficult to determine and are beyond the control of the investigator. On the other hand, extrinsic fluorophores may be introduced into biological macromolecules either by a covalent reaction or by reversible binding due to their preferential affinity for certain domains. Most covalently bound extrinsic probes lack specificity for a single site. Of the noncovalently bound fluorophores, some show preference only for hydrophobic domains, whereas a few-being structural analogs of natural ligands or substrates-show greater specificity. An example of the latter are the ethenoadenosine derivatives (11, 12) . This type of fluorophore often exhibits considerable specificity for a designated nucleotide binding site, yet the probe exists in an equilibrium of free and bound forms. In such a mixture the observed fluorescence signal is an average of the signals of the free and the bound ligand, weighted according to their contribution to the intensity, and the treatment of results is complex. One strategy to circumvent the inherent drawbacks of noncovalent extrinsic fluorophores is-to develop fluorescent probes that can be attached to designated sites of proteins and satisfy desired spectroscopic requirements. We have here illustrated FPAL in applications to cAMP receptor sites. In general, such labels should be structural analogs of natural substrates or ligands so designed that, while still retaining selective and high affinity of binding for the site to be studied, they also contain a reactive (or activable) functional group and a fluorophore (or a profluorophore). Probes of this type can achieve high specificity of probe attachment to the site without a need for purification of the target macromolecule prior to or after labeling. (29) , that are chemically inert in the absence of light are of considerable potential usefulness (8) . Light irradiation, after reversible binding in the dark, generates a reactive species (e.g., a nitrene from an azide) that does not require any particular reactive group in the macromolecular target site for covalent attachment. These properties of photoactivable labels eliminate the need for knowledge of the structure and composition of the residues in the target site. This communication describes the synthesis and some ap-plications of such a FPAL, 8-N3-ecAMP, as a probe for cAMP binding sites. The data suggest that 8-N3-EcAMP is a true and highly specific photoaffinity label that requires light irradiation for covalent binding to take place at the cAMP site. Even though a relatively large number of proteins were present in the several photolysis mixtures examined, no nonspecific labeling was detectable. Dialysis or gel filtration is effective in completely removing excess unreacted reagents. The fluorescence signal of the specifically bound FPAL is sufficiently strong to allow study of the nature of the binding site. The observed signal is blue-shifted and highly polarized, suggesting that the cAMP receptor sites of the beef heart protein kinase preparation are highly hydrophobic and immobilize the adenosine moiety of the nucleotide in a rigid conformation. By using FPAL, one can, therefore, specifically attach an extrinsic fluorescent probe to a particular protein in a complex mixture of proteins or a supramolecular assembly-e.g., the plasma membrane. The observed fluorescence of such labeled proteins is more amenable to interpretation due to much better knowledge of the location of the reporter group within the studied assembly. Because, as noted above, 8-azido-Ederivatives of AMP, ADP, and ATP can be prepared, these compounds are potentially applicable as FPALs for a large number of adenine nucleotide-binding proteins.
